Introduction
============

The ability of cells to communicate with one another is one of the most important characteristics of eukaryotic and prokaryotic cells.^[@cit1],[@cit2]^ Some of this communication occurs by exchange of soluble cellular components between cells, such as peptides, larger proteins, individual amino acids and nucleotides;^[@cit2]^ by exosome secretion^[@cit3]^ or through direct exchange of membrane components.^[@cit4]^ This direct exchange of cellular components between neighbouring eukaryotic cells remains poorly characterized and its involvement in cell--cell communication between neighbouring cells requires further study.^[@cit5]^

Many cell wall components are not under direct genetic control. For example, in model systems, radiolabelled or fluorescently-labelled cholesterol has been shown to exchange intracellularly between organelles,^[@cit6]^ liposomes^[@cit7]^ as well as between serum and erythrocytes.^[@cit8]^ The rate of lipid exchange in liposomes varies depending on the solubility, the acyl-chain, the length of the fatty acid and the hydrophobicity.^[@cit7],[@cit9],[@cit10]^ For example most phosphatidylcholines (PtdCho) in cells with 16 or more carbons acyl chains, have a transfer half-time of 83 h.^[@cit9]--[@cit11]^ On the other hand, 25-hydroxycholesterols (25OH) is more hydrophilic than cholesterol and therefore exchanges more rapidly,^[@cit9],[@cit12],[@cit13]^ whereas cholesteryl oleate is more hydrophobic than cholesterol and exchanges more slowly.^[@cit9]^

Exchange of cholesterol was also recently reported between host cells and bacteria *i.e. Borrelia burgdorferi* to be a very important process in the pathogenesis or infectivity of pathogens.^[@cit14]^

Aside from these examples of cholesterol exchange, the study of membrane component exchange is relatively underexplored,^[@cit15],[@cit16]^ especially in mammalian cell systems. The dynamics and kinetics of membrane compound exchange-critically impacts several important biological functions in cells including signal transduction, cell--cell recognition, energy production and conversion, cell adhesion and foreign molecule identification.^[@cit17],[@cit18]^

Here we present an adaptable strategy utilising flow cytometry in which we use labelled membrane components to quantify their exchange rates ([Scheme 1](#sch1){ref-type="fig"}) between mammalian cells in co-culture, quantify the interactions between glycans and membrane lipids and understand the exchange mechanism. We use this approach to study the exchange of fluorescently labelled cholesterol,^[@cit19]^ alkyne-modified cholesterol,^[@cit20]^ and azide-modified sialic acids.^[@cit21]^ The latter two are visualised in a 2-step bioorthogonal method.^[@cit22],[@cit23]^ Using our approach we show that the rate of sterol exchange is cell-line dependent and that the rate of sialic acid-containing component exchange is significantly slower than that of the sterolic lipids. Finally, we show that a non-exchanging cell line can be forced to exchange both sterols when forced into prolonged close proximity using complementary coiled-coils,^[@cit24],[@cit25]^ suggesting that lipid exchange mediated by direct contact is the dominant mechanism of sterol-exchange in these cells.

![Schematic overview of the approach: cell lines are treated with fluorescently labelled sterol and/or glycan and co-cultured with analogous untreated cells. Analysis by flow cytometry over time shows the rate of exchange of the fluorescent membrane component to the non-fluorescent population as a shift in Mean Fluorescent Intensity (MFI).](c7sc00260b-s1){#sch1}

Results and discussion
======================

Cell-type dependent lipid exchange
----------------------------------

Our initial aim was to develop a broadly deployable assay that would allow the facile quantification and mechanistic characterisation of the exchange of membrane components between cells by flow cytometry ([Scheme 1](#sch1){ref-type="fig"}). We first used the recently reported bodipy-modified cholesterol (**1**, Avanti [Scheme 2](#sch2){ref-type="fig"}), which readily inserts into eukaryotic cell membranes.^[@cit19]^

![(A) Structures of bodipy-cholesterol (bdp-Ch, **1**), alkyne-cholesterol (Alk-Ch, **2**), cholesterol modified E~3~ (CPE) and K~3~ (CPK) peptides. (B) Schematic representation of coiled-coil formation and its use to prolong cell--cell contact thus enhancing membrane compound exchange.](c7sc00260b-s2){#sch2}

To study whether exchange of this lipid could be observed we incubated HeLa,^[@cit26]^ U2-Os,^[@cit27]^ Jurkat,^[@cit28]^ AMO^[@cit29]^ and B3Z-T-cells^[@cit30]^ with **1** as described (see ESI[†](#fn1){ref-type="fn"}).^[@cit19]^ Unlabelled cells were then mixed with labelled cells and co-cultured at 37 °C for different times. The amount of exchange of the fluorescently-labelled cholesterol over time between these two populations was then determined using flow cytometry ([Fig. 1](#fig1){ref-type="fig"} and S1A[†](#fn1){ref-type="fn"}). In this assay, the rate of exchange of **1** was shown to vary significantly between the different cell lines: after 3 h HeLa and U2-Os had exchanged 4.5 ± 0.17% and 4.4 ± 0.05% of **1** respectively. Jurkat, AMO and B3Z cells on the other hand had exchanged \<1% (0.9 ± 0.23%, 0.4 ± 0.03% and 0.6 ± 0.12% respectively) ([Fig. 2A and B](#fig2){ref-type="fig"}). No exchange between suspension cell lines (which have limited cell--cell contact) was observed, which led us to hypothesize that cell--cell contact might be the driver for membrane lipid exchange. The rate of exchange (% exchange, ΔMFI, eqn (1)) was normalised to live cells based on scatter plots and cellular fluorescence. The ΔMFI was calculated as the amount of fluorescent intensity the unlabelled (negative) cells gained at time *t* = 180 min of co-culture with labelled (positive) cells in correlation with the total fluorescent intensity (the initial fluorescently labelled cell population) (see eqn (1)).here, flow cytometry was used to determine the differences in cholesterol exchange between live HeLa cells as a function of lipid concentrations. Cells were treated with bodipy-modified cholesterol (bdp-Ch, **1**; 1 μM, 5 μM and 10 μM) for 18 h before mixing with unlabelled live cells.

![The flow cytometry assay indicates cholesterol exchange between live HeLa and U2-Os cells whereas no exchange occurs between Jurkat cells. Cells were treated with 5 μM bdp-cholesterol (**1**) for 18 h. Labelled and unlabelled live cells were co-cultured and flow cytometry was completed. The cell population was gated based on FSC-A *vs.* SSC-A (cell doublets were gated out using FSC-A *vs.* FSC-H) and histograms of mixed cells *t* = 0, 90 and 180 min are shown for each cell line with MFI (Mean Fluorescent Intensity) gated accordingly.](c7sc00260b-f1){#fig1}

![(A) The % exchange or ΔMFI of the fluorescent signal exchange after 3 h co-culturing was calculated using ΔMFI = (MFI~negative\ (*t*=180\ min)~ -- MFI~negative\ (*t*=0\ min)~)/MFI~positive\ (*t*=0\ min)~. Data are represented as mean ± SD. Error bars SD; \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; ns = not significant; unpaired *t*-tests. (B) Mean Fluorescent Intensity (MFI) of labelled and unlabelled cells over varied co-culturing time periods. Data are represented as mean ± SD. Error bars SD. (C) Cholesterol exchange is concentration dependent. In live HeLa cells, the amount of co-culturing time for 25% of the unlabelled population to get labelled varies significantly under different lipid concentrations. Cells were treated with 1 μM, 5 μM or 10 μM bdp-Ch (**1**) for 18 h prior to co-culturing with unlabelled live cells.](c7sc00260b-f2){#fig2}

Upon flow cytometry analysis, the cell populations were gated based on forward scatter-Area (FSA-A) and side scatter-Area (SSC-A) characteristics (cell doublets were gated out using FSC-A *vs.* FSC-H). An increase in the percentage of a new-labelled cell population and a decrease in the number of unlabelled cells was observed, indicating that rate of exchange of cholesterol **1** is concentration dependent ([Fig. 2C](#fig2){ref-type="fig"}).

In order to study that the observed exchange rates were not due to the fluorescent label, unmodified bodipy-488 was used as a control and as expected did not exchange (Fig. S2[†](#fn1){ref-type="fn"}), showing that the sterol moiety is essential for the exchange reaction.

Altering the ratio of labelled *vs.* unlabelled cells (1 : 1, 1 : 5, 1 : 10) and *vice versa*, or increasing the culture volume, also affected the rate of exchange (Fig. S3[†](#fn1){ref-type="fn"}) showing that close contact is necessary for the membrane-compound exchange. It was found that the higher the fraction of labelled cells, the faster the exchange: 1 : 1 ratios exchanged 19 times faster than a 1 : 10 ratio of labelled *vs.* unlabelled cells (3.9 ± 0.5% *vs.* 0.2 ± 0.05%; Fig. S3[†](#fn1){ref-type="fn"}). In order to exclude the fact that the observed cholesterol exchange was due to endocytosis of cell debris, passively uptake from dead cells or exosomes, but due to a live-cell dependent process, we performed a series of different control experiments. Cell viability in the co-culture experiments was assessed prior to flow cytometry using the (live-cell impermeable) dye propidium iodide (PI). Cell death in all co-culture experiments was equal to controls and was always \<2% (Fig. S4B and C[†](#fn1){ref-type="fn"}).

In order to exclude the fact that the observed cholesterol exchange was due to endocytosis of cell debris from this 2% of dead cells, unlabelled cells were co-cultured with the lysate of cells labelled with **1**. In this system, there was not any lipid uptake or fluorescent labelling after 3 h (Fig. S4A[†](#fn1){ref-type="fn"}) at a lysate concentration representing of 5% dead cells.

In order to determine whether exchange of lipids was energy-dependent, we used sodium azide, or low temperature as well-established metabolic inhibitors of ATP-production.^[@cit31]--[@cit33]^ Upon ATP depletion with sodium azide or low-temperature, membrane lipid exchange was minimised or abolished respectively indicating that the cholesterol exchange is energy dependent (Fig. S5[†](#fn1){ref-type="fn"}).

Chemical fixation (to inactivate all biochemistry in the cell^[@cit34],[@cit35]^) prior to mixing abolished all exchange (Fig. S1B[†](#fn1){ref-type="fn"}) indicating that the lipid exchange is a live-cell dependent process.

To study whether the mechanism of exchange was based on the exchange of exosomes, the exchange of free **1** or cell--cell contact, we spatially separated the unlabelled and labelled populations in a trans-well assay (Fig. S6[†](#fn1){ref-type="fn"}).^[@cit36]^ All sterol exchange was abolished, even when large-pore (0.4 μm) membranes were used (through which exosomes can pass, but cells cannot^[@cit37]^), indicating that cell--cell contact is most likely responsible for the exchange of **1**. The absence of any incorporation of **1** in unlabelled cells after a supernatant transfer from a labelled population (Fig. S7[†](#fn1){ref-type="fn"}) strongly supports the hypothesis that cell--cell contact is the main method of exchange of cholesterol in this system.

Coiled-coil complementation enhanced lipid exchange
---------------------------------------------------

To further investigate that close contact between cells is important for lipid transfer, we tested whether forcing the cells into prolonged close proximity would enhance the exchange rate. For this a supramolecular approach was chosen, in which a pair of complementary lipidated coiled-coil (CC) peptide was introduced^[@cit24],[@cit25]^ to force cells in close proximity in a non-covalent manner ([Scheme 2](#sch2){ref-type="fig"}). Coiled-coil-forming peptides E \[(EIAALEK)~3~\] and K \[(KIAALKE)~3~\] conjugated *via* a poly(ethylene glycol)~12~ spacer with a cholesterol moiety (denoted CPE or CPK respectively) have been reported to insert spontaneously into cell membranes,^[@cit38]--[@cit43]^ and were used here lipid exchange study.

To study the effect of forced proximity on cholesterol exchange we used lymphocytic Jurkat cells as it showed the lowest exchange rate ([Fig. 2A](#fig2){ref-type="fig"}). The cells were labelled overnight with **1** and after washing were incubated with 5 μM cholesterol-CPE. In parallel, unlabelled cells were treated with 5 μM CPK. Next, the CPE- and CPK-modified Jurkat cells were mixed and the rate of exchange of **1** was determined. Flow cytometry results indicate that upon coiled-coil formation between CPE- and CPK-modified cells, membrane-cholesterol exchange was enhanced 3-fold (from 1.0 ± 0.18% to 3.3 ± 0.35%) compared to CC peptide untreated cells. The results are suggestive of the exchange rate of **1** being enhanced by forced membrane contact ([Fig. 3C](#fig3){ref-type="fig"} and S8B[†](#fn1){ref-type="fn"}). Confocal microscopy after 3 h confirmed that upon coiled-coil formation cells were coming in close proximity (Fig. S8A[†](#fn1){ref-type="fn"}).

![(A) Forcing cells in close proximity using lipidated coiled-coil (CC) peptides enhances sterol exchange. The first dot-plot shows the gated cell population followed by three dot-plots showing the coalescence of the labelled and unlabelled cells using Alk-Ch (**2**) at *t* = 0, 90, and 180 min. (B) Histograms of Jurkat cells over different co-culturing times using alk-Ch (**2**, Avanti) with and without coiled-coil peptides. (C) Exchange rates of **1** and **2** in Jurkat cells after 3 h co-culturing in the presence or absence of CC peptides. Both **1** and **2** show similar exchange rates between CC- and non-CC-labelled cell populations. Data are represented as mean ± SD. Error bars SD; \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; unpaired *t*-tests.](c7sc00260b-f3){#fig3}

Glycan exchange between live mammalian cells
--------------------------------------------

Many membrane components are not amenable to selective fluorophore labelling and the bulky nature of such groups can affect the biological properties of the parent molecule. After establishing the exchange rate of fluorophore modified cholesterol **1** between different cell types and manipulating these rates of exchange through forcing cell--cell contacts, we wanted to combine the cytometry analysis with the detection of bioorthogonal groups in a 2-step approach^[@cit44]^ to monitor the exchange of other membrane components.

Bioorthogonal chemistry can be used to visualise non-genetically templated biomolecules in cells by means of incorporating a small biologically inert chemical group into a biomolecule-class of choice and visualising these at the end of an experiment using tag-selective ligation chemistry.^[@cit22],[@cit23]^ The main advantage of this approach is that the small and stable bioorthogonal groups can be incorporated into non-templated molecules and then can hijack the biosynthetic pathways of these molecules. This approach has been used extensively to label many different cell biomolecules, such as glycans, lipids and nucleotides.^[@cit45],[@cit46]^ To determine whether a 2-step bioorthogonal approach could be used to measure exchange kinetics, we first validated the approach using the recently reported alkyne-modified cholesterol (**2**, Avanti).^[@cit20]^ In a coiled-coil-enhanced exchange experiment in non-adherent Jurkat cells, a comparable 2.5-fold increase in the exchange rate with and without coiled-coil treatment was observed (from 0.7 ± 0.30% without CC to 2.5 ± 0.25% with CC after 3 h; [Fig. 3](#fig3){ref-type="fig"} and S9[†](#fn1){ref-type="fn"}). For this experiment, live-cell compatible variants of the copper-catalyzed azide--alkyne cycloaddition (CuAAC) were initially used.^[@cit47]^

We initially optimised ccHc conditions using a population-based viability assays (WST-1 and 7-AAD assays). Based on previously reported protocols^[@cit48]--[@cit50]^ using lower copper concentrations in combination with chelating ligands (TTMA, THPTA, BTTAA *etc.*) toxicity was minimized (Fig. S11[†](#fn1){ref-type="fn"}). However, under the CuAAC-conditions used, the cells displayed aberrant morphology indicating stress or early cell death^[@cit52]^ (Fig. S10[†](#fn1){ref-type="fn"}), leading us to abandon the live cell CuAAC-attempts in favour of protocol consisting of a fixation step prior to performing the CuAAC reaction.^[@cit35],[@cit51]^

Having established the suitability (and limitations) of a bioorthogonal approach to detect cholesterol exchange, we used a similar approach to determine whether we could also monitor the exchange of another integral membrane component: sialoglycoproteins and sialoglycolipids.

These vital membrane components have been associated with cell--cell communication, metastatic behaviour, human disease and cell recognition.^[@cit53]^ We first labelled HeLa-cells using a bioorthogonal analogue of the metabolic precursor of sialic acid, per-*O*-acetylated *N*-2-azidoacetylmannosamine (Ac~4~ManNAz),^[@cit21]^ which is converted to sialic acid *in cellulo* and transferred to nascent galactose-terminated glycans in the trans-Golgi network ([Fig. 4A](#fig4){ref-type="fig"}). Here, HeLa cells were treated as described^[@cit49],[@cit54]--[@cit56]^ with 50 μM Ac~4~ManNAz for 72 h prior to mixing and co-culturing with untreated HeLa cells. Flow cytometry after paraformaldehyde fixation (2%) showed that the rate of exchange of the sialoglycome was significantly slower (0.98 ± 0.40% after 3 h) compared to cholesterol exchange ([Fig. 4B and C](#fig4){ref-type="fig"} and S12[†](#fn1){ref-type="fn"}).

![(A) Schematic representation of cell surface glycan labelling. (B) Flow cytometry overlay histograms upon different times show no enhancement of glycolipid exchange between jurkat cells after coiled-coil formation; jurkat cells were treated with Ac~4~ManNAz and CPE co-cultured with untreated cells with CPK and labelled with CuAAC. (C) ΔMFI \[ΔMFI = (MFI~negative\ (180\ min)~ -- MFI~negative\ (0\ min)~)/MFI~positive\ (0\ min)~\] expression of exchange after 3 h between sterol and glycan in single- and double-labelled co-culture experiments; data show lipid exchange independently of the glycan exchange. Data are represented as mean ± SD. Error bars SD; n/s *p* \> 0.05; unpaired *t*-tests.](c7sc00260b-f4){#fig4}

This lack of exchange was not due to the Ac~4~ManNAz-labelling, as the exchange of **1** in cells labelled with both Ac~4~ManNAz and **1** was unaffected ([Fig. 4C](#fig4){ref-type="fig"}). We can only speculate about the biological significance of the absence of exchange: the observed slower exchange of glycans between cells may reflect reduced freedom of movement of these larger sialoglycolipids in the cell membrane; or their specific function in cell adhesion.^[@cit57]--[@cit59]^

Conclusions
===========

In conclusion, this study demonstrates that different mammalian cells exchange membrane components in a time- and cell-type dependent manner. This exchange appears to be due to cell--cell contacts and can be enhanced when cells are forced in close proximity. The exchange of sialylated membrane components appears to be significantly slower compared to sterols, indicating the presence of differential control mechanisms of exchange for these components. Isotope-labelled cholesterol in combination with mass spectroscopy and targeted metabolomics could be used in later stage for validation of the aforementioned technique. These experiments could be used to study the exchange of other lipids as well, such as inflammatory mediators^[@cit60],[@cit61]^ and mediators of neuronal signaling^[@cit62],[@cit63]^ as these have been shown to be amenable to bioorthogonal or fluorescent modification.^[@cit64]^ This will likely help to improve understanding of the role of these compounds in cell-to-cell communication, cell interactions and disease development.
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